Models help to describe and predict complex processes and scenarios that are difficult to understand or measure in environmental management systems. Thus, model simulations were performed (i) to calibrate HYDRUS-2D for water and solute movement as a possible decision support system for Candler and Immokalee fine sand using data from microsprinkler and drip irrigation methods, (ii) et al. (1999, 2007) developed the HYDRUS-2D model to simulate the two-dimensional movement of water, heat, and multiple solutes in variably saturated media. The HYDRUS program numerically solves the Richards equation for variably saturated water flow and convection-dispersion equations for heat and solute transport. The flow equation incorporates a sink term to account for water uptake by roots (Šimůnek et al., 1999, 2007, 2016). Soil hydraulic parameters of this model can be represented analytically using different hydraulic models (Brooks and Corey, 1964; van Genuchten, 1980). Several researchers have used HYDRUS in irrigated systems in the last 17 yr (Gärdenäs et al., 2005; Boivin et al., 2006; Fernández-Gálvez and Simmonds, 2006; Hanson et al., 2006; Šimůnek and Hopmans, 2009; Šimůnek, 2010a, 2010b; Kandelous et al., 2011) . Despite problems associated with identification of the actual physical processes when conducting simulation, Pang et al. (2000) found that the HYDRUS model described soil water contents with minor discrepancies. Studies by Gärdenäs et al. (2005) and Hanson et al. (2006) assessed fertigation strategies using HYDRUS-2D for N fertilizers and found that HYDRUS-2D model described the movement of urea, NH 4 , and NO 3 during irrigation and accounted for the reactions of hydrolysis, nitrification, and NH 4 adsorption.
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Modeling Water and Nutrient Movement in Sandy Soils Using HYDRUS-2D
Davie M. Kadyampakeni,* Kelly T. Morgan, Peter Nkedi-Kizza, Arnold W. Schumann, and James W. Jawitz Š imůnek et al. (1999, 2007) developed the HYDRUS-2D model to simulate the two-dimensional movement of water, heat, and multiple solutes in variably saturated media. The HYDRUS program numerically solves the Richards equation for variably saturated water flow and convection-dispersion equations for heat and solute transport. The flow equation incorporates a sink term to account for water uptake by roots (Šimůnek et al., 1999, 2007, 2016) . Soil hydraulic parameters of this model can be represented analytically using different hydraulic models (Brooks and Corey, 1964; van Genuchten, 1980) . Several researchers have used HYDRUS in irrigated systems in the last 17 yr (Gärdenäs et al., 2005; Boivin et al., 2006; Fernández-Gálvez and Simmonds, 2006; Hanson et al., 2006; Šimůnek and Hopmans, 2009; Šimůnek, 2010a, 2010b; Kandelous et al., 2011) . Despite problems associated with identification of the actual physical processes when conducting simulation, Pang et al. (2000) found that the HYDRUS model described soil water contents with minor discrepancies. Studies by Gärdenäs et al. (2005) and Hanson et al. (2006) assessed fertigation strategies using HYDRUS-2D for N fertilizers and found that HYDRUS-2D model described the movement of urea, NH 4 , and NO 3 during irrigation and accounted for the reactions of hydrolysis, nitrification, and NH 4 adsorption.
Model simulations help to describe and predict complex processes and scenarios that are difficult to understand in nature. Simulation modeling can offer a viable alternative to predicting expected outcomes in various situations (such as changes in climate, crop type, age of crop, soil type, season, and changes in environmental management) within a given set of parameters, such as, in this case, soil hydraulic conductivity, residual or saturated moisture content, bulk density, sorption coefficient, organic matter content, and crop rooting depth and transpiration rate.
The model simulations were performed (i) to calibrate HYDRUS-2D for water and solute movement as a possible decision support system for Candler (hyperthermic, coated Lamellic Quartzipsamments) and Immokalee (sandy, siliceous, hyperthemic Arenic Haplaquods) fine sands using data from conventional microsprinkler and drip irrigation methods, (ii) to validate the performance of HYDRUS-2D using field results of microsprinkler and drip irrigation methods in citrus groves, and (iii) to investigate Br − , NO 3 − , and water movement using annual or seasonal weather data and variable fertigation scenarios.
Materials and Methods

Site Description for the Study Sites
The studies were conducted at two sites: (i) the University of Florida, Southwest Florida Research and Education Center, Immokalee, FL (26.42° N, 81 .43° W) with poorly drained soils classified as Immokalee fine sand with the spodic horizon lying within 1 m from the ground surface; and (ii) near the Citrus Research and Education Center, Lake Alfred, FL (28.09° N, 81.75° W) with excessively drained soils classified as Candler fine sand (Obreza and Collins, 2008; Kadyampakeni et al., 2014a Kadyampakeni et al., , 2014b . Additional details about the experimental layout are provided in Kadyampakeni et al. (2014a Kadyampakeni et al. ( , 2014b .
Determination of Soil Water Retention and Hydraulic Functions
Twenty undisturbed soil core samples were taken at depths of 0 to 15, 15 to 30, 30 to 45, and 45 to 60 cm at random locations of both soils to determine soil water release curves (van Genuchten, 1980; Klute, 1986; Paramasivam et al., 2002) and saturated hydraulic conductivity at each depth for each site (Klute and Dirksen, 1986) .
Soil water retention curves were determined in the laboratory according to the process described by Klute (1986) . The moisture content at 1500 kPa was determined from literature on earlier studies done on same soil series (Carlisle et al., 1989; Obreza et al., 1997) . Saturated hydraulic conductivity was determined by the constant head method.
The respective water retention parameters and soil physical properties are included in Tables 1 and 2 , respectively. Model calibration was based on spring 2011 soil water movement to avoid the effects of rainfall in summer 2011.
The bulk density, saturated hydraulic conductivity, saturated water content, residual moisture content, a, n, and pore connectivity parameter were 1. 61 
Governing Equations and Parameters for Water Flow, Nutrient Transport, and Uptake
The governing flow equations for water flow and nutrient transport are given by the Richards (1931) and convection-dispersion equations (Šimůnek et al., 1999; Šimůnek and Hopmans, 2009 ):
where q is the volumetric water content (m 3 m ), accounting for root water uptake (transpiration). The sink/source represents the volume of water removed per unit time from a unit volume of soil due to compensated citrus water uptake.
The convection-dispersion equation governing transport of independent solutes (i.e., single-ion transport) is given as
where c 1 and c 2 are solute concentrations in the solid (kg kg (Šimůnek et al., 2007) . is usually quantified by the adsorption isotherm relating c 1 and c 2 described by the linear equation of the form
where
) is the distribution coefficient of Species 1. Nitrate or a tracer (such as Br) are assumed to have a K D of 0 cm 3 g −1
, whereas NH 4 + has a K D in the range of 1.5 to 4.0 L kg −1 (Lotse et al., 1992; Paramasivam et al., 2002; Hanson et al., 2006) . The first-order decay constant ranges from 0.006 to 0.56 d −1 (Ling and El-Kadi, 1998) . Rate coefficient for the nitrification of NH 4 NO 3 ranges from 0.006 to 0.72 d −1 (Misra et al., 1974; Selim and Iskandar, 1981; Lotse et al., 1992; Ling and El-Kadi, 1998; Jansson and Karlberg, 2001 ). For P, K D is reportedly in the range of 19 to 185 cm 3 g −1 (Kadlec and Knight, 1996; Grosse et al., 1999) . The K D for K is reported to be 28.7 cm 3 g −1 (Silberbush and Barber, 1983) . Bulk density for the soil is in the range 1.59 to 1.72 and 1.55 to 1.93 g cm −3 for Immokalee and Candler fine sand, respectively.
The sink term (s) for the Richards equation represents the volume of water removed per unit time from a unit volume of soil due to plant water uptake. Thus, s is defined as
where the water stress response function a(h) is a prescribed dimensionless function of the soil water pressure head, b is the normalized water uptake distribution, L t is the width of the soil surface associated with the transpiration process, T p is the potential transpiration rate (m s −1
), and w is the water stress index. The predictive equation for the unsaturated hydraulic function in terms of soil water retention parameters is given by van Genuchten (1980) as
where q r , q s , K s , and l are the residual water content (L 3 L −3 ), saturated water content (m 3 m −3 ), saturated hydraulic conductivity (m s −1 ), and pore connectivity parameter (estimated to be an average of 0.5 for many soils); a (m −1 ) and n are empirical coefficients affecting the shape of the hydraulic functions. We estimated the hydraulic functions a and n after fitting the water content and matric potential data using the van Genuchten model in Community Analyses System (CAS) 2007 (Bloom, 2009 ) developed for determination of soil hydraulic functions.
Model Calibration Processes: Sorption Isotherm Determination
Sorption isotherms on the disturbed soil samples (0-15 and 15-30 cm) were determined using the batch equilibration procedure (Kadyampakeni et al., 2014a (Kadyampakeni et al., , 2014b .
The amount of chemical sorbed to the soil was calculated from the difference between the initial and equilibrium solution concentration:
where S e is the adsorbed concentration (mg kg ). The fertilizer KH 2 PO 4 was used as a source for both P and K, whereas NH 4 NO 3 was used as a source of NH 4 + -N. The linear sorption isotherm was determined from the following model (same as Eq. [3]):
). Sorption isotherms for P were calculated using the Freundlich equation:
where K f is the Freundlich sorption coefficient (mg
and N is the empirical constants related to the adsorption phenomenon (Bowman, 1982) .
The linearized form of the Freundlich equation was used to calculate K f and N:
where S e is the adsorbed equilibrium concentration (mg kg 
where C max is the maximum solution concentration during leaching in the field.
Sensitivity Analysis of Selected Parameters for HYDRUS-2D
Sensitivity analysis helps explore efficiently the model responses when the input or parameter varies within given ranges (Sacks et al., 1989; Campolongo et al., 2000; Monod et al., 2003) . Two methods of conducting sensitivity analysis are well known: local and global sensitivity analysis (GSA). In this study, GSA was used, where the output variability was evaluated when the input factors vary their whole uncertainty domains (Campolongo et al., 2000; Garnier, 2003; Monod et al., 2003; Saltelli et al., 2004) . The relationship between z i of factor Z i and the responses f(z 0,1 …z 0, i − 1 , z i , z 0,i + 1 ,…z 0,s ) determines a one-at-atime response profile. Each input factor or parameter z i takes k equispaced values from z min , i to z max , i with increments:
The model responses f(z 0,1 …z 0, i − 1 , z i , z 0,i + 1 ,…z 0,s ) are then calculated for the k discretized values z i . The Bauer and Hamby index (I i BH ; Bauer and Hamby, 1991) is approximated by the difference between maximum and minimum simulated values given as
The study conducted a GSA of HYDRUS-2D focusing on the state variables of NO 3 -N and water content (q) on the Immokalee and Candler fine sand. The simulations were done for 14 d to mimic the dynamics of a time of the field experiment at a daily time step for drip and microsprinkler fertigation systems. The GSA for the Immokalee fine sand was done separately from the Candler fine sand due to the heterogeneity in drainage characteristics. Outputs of interest included: soil water content, soil NO 3 -N, NH 4 -N, Br, P, and K with depth.
Simulation Domain: Microsprinkler and Drip irrigation
The microsprinkler irrigation system for the two sites was simulated as a line source, planar, two-dimensional geometry perpendicular to the simulated domain assuming that the lateral flow on boundaries was zero (zero flux boundary condition) and the free drainage condition was imposed at the bottom boundary at each site with a time-variable flux surface boundary condition. With the same assumptions, drip irrigation was simulated as a point source, with an axisymmetrical, two-dimensional plane assuming that the lateral flow on boundaries was zero (zero flux boundary condition). The presence of a water table ?70 cm below the ground at Immokalee was assumed not to affect the drainage within 60 cm of the simulation domain. Detailed information related to the flow related parameters is shown below (Tables 3-5) .
Statistical Analyses
Data were analyzed using the General Linear Model and ProcReg procedures in SAS statistical package (SAS Institute, 2011). The R 2 and RMSE between the simulated and measured values were determined.
Results and Discussion
Sensitivity Analysis and Calibration of the HYDRUS Model
Ammonium adsorption for Immokalee and Candler fine sand followed a linear isotherm with distribution coefficients (K D ) of 1.12 ± 0.42 and 1.64 ± 0.25 L kg −1 and 1.66 ± 0.39 and 1.76 ± 0.39 L kg −1 for the 0-to 15-and 15-to 30-cm depths, respectively (Table 6 ). Phosphorus sorption isotherm for Immokalee fine sand determined using fertilizer mixture was linear, with K D averaging ?0.44 ± 10 L kg −1
. Phosphorus adsorption was well described by a Freundlich model on Candler fine sand with linearized K D ranging from 1.73 ± 0.15 to 2.05 ± 0.89 L kg −1 . The conceptual model for the uptake and movement of water, tracer Br, and nutrients on Florida's Immokalee and Candler fine sand is presented in Fig. 1 . The model was calibrated for both Candler and Immokalee sand for simulating water and solute transport. Sensitivity indices suggest that saturated hydraulic conductivity and empirical parameter n were the most sensitive (sensitivity index = 0.29) in predicting water movement (Tables 7  and 8 ). Also, the simulation experiments on Candler fine sand suggest that any n value >3.085 would yield no output with respect to water content and uptake. Similarly, on Immokalee fine sand, no water content and water uptake values were obtained when an n value >4.63 (the nominal value) was used as a parameter. No outputs on water content and uptake were obtained on Candler fine sand when a saturated water content <0.34 m 3 cm −3 was used. It is presumed that the parameter values for HYDRUS recommended for sandy soils (Carsel and Parrish, 1988; Schaap et al., 2001 ) are for less "sandier" soils than typical sands for Florida's citrus growing regions (>95% sand), suggesting the need for using site-specific parameters for Florida's soils. The values reported by several researchers were close to the measured values because they were determined on similar soil series and were the basis for the GSA on both soils (Carlisle et al., 1989; Fares et al., 2008; Obreza and Collins, 2008) . Most of literature values used for the sensitivity analysis of sorption coefficients with regard to P, K, and NH 4 transport were several times higher than what was measured with soil samples collected from the research sites. Thus, the sorption coefficients for P, K, and NH 4 presented in Table 6 were used for the simulation experiments.
Water, Bromide, Potassium, Phosphorus, Nitrate, and Ammonium Movement with Drip and Microsprinkler Irrigation
To validate the calibrated model, measured water content and solute concentrations were compared with model predicted values (Fig. 2) . Model predictions showed that with similar initial water 1 1 † P0, the value of the pressure head below which roots start to extract water from the soil; Popt, the value of the pressure head below which roots extract water at the maximum possible rate; P2H, the value of the limiting pressure head, below which roots can no longer extract water at the maximum rate (assuming a potential transpiration rate of r2H); P2L, the value of the limiting water pressure head below which roots can no longer extract water at the maximum rate (assuming a potential transpiration rate of r2L); P3, the value of the pressure head below which root water uptake ceases (usually taken at the wilting point; r2H, potential transpiration rate (currently set at 0.5 cm d , and P on Immokalee and Candler fine sand using fertilizer mixture.
Soil
Depth NH 4 (2012), Kadyampakeni et al. (2014a) . ‡ Source: Kadyampakeni (2012) , Kadyampakeni et al. (2014b) . § KD = mean ± 1 SD of three replications. contents and similar schedules, microsprinkler (in a line source, planar domain) and drip irrigation (with water from a point source, in an axisymmetric domain) water movement was similar for both irrigation systems, although higher amounts of water were retained in the upper 0.15 m than when using the microsprinkler system. Very close agreement was obtained (Table 7) between simulated and measured values for the two systems where the predictions accounted for 90% of the measured water contents. Several researchers have reported good predictions for water in one-and two-dimensional domains using numerical models (Angelakis et al., 1993; Andreu et al., 1997; Skaggs et al., 2004; Gärdenäs et al., 2005; Testi et al., 2006; Šimůnek, 2010a, 2010b; Kandelous et al., 2011) . Bromide distribution showed good agreements (R 2 ? 0.63-0.90) with measured outputs, with RMSE in the range of 0.04 to 7.57 (Table 8) . However, despite the good agreements, Br was underpredicted by ?5 to 20%. Phosphorus was well predicted on Candler fine sand, but poor correlations were noted on Immokalee fine sand. The P initial conditions were based on Mehlich-1 extractable P, which might be several times greater than water-soluble P (Nair and Harris, 2004; . Our prediction might have overestimated the actual leaching P potential. Nitrate and NH 4 were well predicted by the model (Fig. 3 ; see also Kadyampakeni et al., 2017) . Potassium, despite the underpredictions, showed very good correlation at Immokalee (Fig. 3) , but poor correlation on Candler fine sand using microsprinkler irrigation (Table 8) .
Investigating Bromide, Nitrate, and Water Movement Using Weather Data from Immokalee and Lake Alfred
The solute and water movement as influenced by weather at Lake Alfred (22 Aug.-22 Nov. 2011) and Immokalee (4 June-4 Sept. 2011) were predicted using climatic data obtained from the Florida Automated Weather Network for a 90-d period. The NO 3 and Br at on Candler and Immokalee fine sand (Fig. 4) was largely leached out beyond the 60-cm depth within <20 d, a period corresponding with 158 mm of rain. The NO 3 and Br at Immokalee showed that most of the NO 3 was leached in 20 d and Br leached after 25 d, dates corresponding with 57 and 108 mm of rain. Mostly during the 90-d simulation, water contents remained between 15 and 25% and only went above 30% when it rained. The leaching of NO 3 in this case would be minimized if we accounted for uptake and transformation of NO 3 into other forms. However, the incorporation of weather data into the simulation would serve as a guide in making decisions to apply mobile nutrients such as NO 3 -containing fertilizers when the weather forecast is good with no chances of rain. The plausible approach with the irrigation practices used in this study is that they maintained soil moisture in the top 10-cm depth at near field capacity (Kadyampakeni et al., 2014a) and applied nutrients in the morning hours when transpiration and photosynthesis are high to avoid leaching losses ( Schumann et al., 2010) . Such irrigation and nutrient management decisions should be incorporated in the simulations ahead of a rainy season using historical data to ensure that environmental quality is sustained. Also, since this study largely used fertigation practices, it would be good to apply coated forms of N (controlledrelease and slow-release forms) to minimize N losses during the rainy months of June, July, August, and September in Florida where 60% of the rain is expected.
Conclusions
The model showed reasonably good agreement between measured and simulated values for soil water content and solute movement, thus helping in decision support in citrus production systems. The model could further be used as an important guideline for predicting Br or nutrient residence time. For example, the Br at Immokalee leached between 15 and 25 d and in <10 d at the 60-cm depth near the Lake Alfred site. The NO 3 -N leached between 15 and 20 d at Immokalee and between 10 and 12 d at the Lake Alfred site. Importantly, HYDRUS-2D could also be used for irrigation decision support if one could account for water use, drainage, and evaporation losses.
The parameters used for HYDRUS should be carefully determined for meaningful predictions. When in doubt, own parameter estimation through laboratory or field measurements where time and resources permit should be done. Cases of under-or overprediction were noted particularly for P, K, NO 3 , and NH 4 , probably due to chemical transformations and adsorption. The model could be successfully used for scheduling irrigation and predicting nutrient leaching for both microsprinkler and drip irrigation systems on Florida's Spodosols and Entisols.
In future work, the calibrated HYDRUS model will be used for nutrient leaching risk assessment for various scenarios encountered in Florida citrus, such as overirrigation during freeze protection, excessive rainfall from summer thunderstorms, hurricanes, and tropical storm systems, and for refining the best management practices specifically for different irrigation systems. 
